We used regression analyses of water samples from 18 lakes, nine rivers, and one spring in Ethiopia to (a) test the hypothesis that water bodies of relatively higher salinity (K25 > 1000 hiS cm -1) have a different conductivity to salinity relationship than waters of lower salinity (K25 < 1000 taS cm-1), and (b) develop models to predict total cations and salinity from conductivity that can be used for Ethiopian waters and other African aquatic systems of similar chemical composition. We found no statistical difference in the bilogarithmic relationships (total cations vs. conductivity; salinity vs. conductivity) for waters of higher salinity (K25 > 1000 btS cm 1) and waters of lower salinity (K25 < 1000 ~aS cm<). However, comparison among our models and models from the literature suggests that developing separate equations for low and high salinity water bodies has some merit. We believe that the equations developed in this study can be used for Ethiopian waters and other African waters within the range of conductivity in this study.
Introduction
Dissolved constituents of water bodies are often determined as a major component of baseline limnological studies. The ions commonly quantified include Na +, K +, Ca ++, Mg ++, CI-, SO4-, HCO3-, and CO 3 (summed as total cations and anions). These essentially constitute the total ionic salinity of most fresh waters, as other ions make only very minor contributions (WETzEL 1983; WETZEL & LIKENS 1991) . Ionic concentrations are generally analyzed in a laboratory, although some other parameters are measured in the field at the point of collection. Water analyses for ionic composition should be done as soon as possible after collection; however, this may not always be possible, especially in developing countries where transportation, electric power, and trained personnel are often limiting. When resources are not available for measuring certain characters, or when historical data are required for reference, sound estimation of one variable based on another becomes necessary. Conductivity is one such parameter that is used as an estimator of total ions and total ionic salinity (also known as total dissolved solid -TDS) of a water sample. It has often been necessary to make such indirect determinations to find values for total ions and TDS for comparative purposes.
Establishing conductivity as an accurate estimator of total cations and a reliable surrogate of salinity has become important mainly because of the ease of measuring this parameter and due to the high sensitivity and precision of the method (APHA et al. 1995) . However, the conventional numerical relationship values do not seem to be applicable across a broad range of lakes, and some limnologists often make conversion factors for a given set of lakes. For example, TALLING & TALLING (1965) derived a conversion factor for predicting salinity and total cations from conductivity for a set of data from African lake waters; and later, WOOD & TALLING (1988) derived similar relationships for a set of Ethiopian inland waters.
The objective of this study was to empirically test the relationship between conductivity and concentrations of total cations and salinity for a set of Ethiopian water bodies. We assess the possibility that the relationship between conductivity and salinity is different in saline and freshwater systems by comparing relationships of these variables in Ethiopian lakes and rivers of different salinity. Ethiopian waters are particularly suitable for examining these relationships because they exhibit a wide range of salinity. Moreover, most Ethiopian lakes are bicarbonate/carbonate-dominated lakes where specific conductance is believed to be very closely proportional to concentrations of major cations (RODHE 1949; WETZEL 1983 ). This study also has the advantage that data were derived from the same methods by the same investigators.
Materials and Methods
Surface water samples were collected from 18 lakes, nine rivers, and one spring (of which 10 lakes and 8 rivers were from the Ethiopian Rift Valley) during wet and dry seasons between 1990 and 2000. Each system was sampled an average of three times (range = 1 to 11), and mean values were used in all analyses. Surface water samples from lakes and rivers were taken at sampling stations offshore using acid-washed 2-L polyethylene bottles. Water samples were transported to the laboratory in dark boxes containing lake water that maintained the temperature of the samples close to that in situ. Conductivity was usually measured in the field with the exception of samples from a few lakes and rivers, for which measurements were made in the laboratory within 8 to 10 hr of sample collection. AYSI model 33 S-C-T conductivity meter and a 3311 probe were used to measure conductivity, and all values were corrected to 25 °C using a temperature coefficient of 2.3% per °C (TALLIN~ & TALLING 1965) .
Alkalinity (bicarbonate + carbonate) was determined by titrating to pH 4.5 with standard acid within less than 8 to 10 hr of sample collection. Calcium, magnesium, potassium, and sodium were determined by the atomic absorption spectrophotometric method. Chloride was determined by the mercuric nitrate titrimetric method, and sulfate was determined by the barium sulfate turbidimetric or gravimetric method (APHA et al. 1986 ) depending on concentrations in the samples. Salinity, as total dissolved solids (TDS) was determined by summing the individual ions (WooD & TALLING 1988) .
Statistical Analyses
We used linear regression analyses to develop predictive models for salinity and total cations based on conductivity (independent variable). Data were log~0 transformed to normalize the data and stabilize the variance. To examine whether relationships differ between low and high salinity water bodies, we classified the lakes and rivers into fresh water (K25 < 1000 ~S cm -~) and saline (/£25 -> 1000 ~tS cm -~) by using conductivity as a basis for salinity. This is a slight modification of earlier classification used by (Z~NABU & TAYLOR 1997) , and seemed to fit well with the natural discontinuities in our data set. Analysis of covariance was used to test for a difference in the slopes and intercepts of the relationships (conductivity and salinity, and conductivity and total cations) between low and high salinity water bodies. We used polynomial regression to examine whether a non-linear function was a better fit to the joint data set (low and high salinity lakes combined) than a linear function.
We compared our models to three previous conversions from the literature:
(1) APHA et al. (1995) : Conductivity (~S cm -~) = sum of cations (meq LI) * 100. We calculated the difference between observed values of major cations and salinity to expected values based on conductivity for an independently derived set of samples from Ethiopian water bodies available in the literature.
Results and Discussion
Mean conductivity measurements in the Ethiopian water bodies studied here varied from 76 ~,S cm -1 to 33, 700 ~,S cm 1, and total cations ranged from 0.93 meq L -1 to 688 meq L -1 (Table 1 ). The lowest values were from rivers that flow into some of the Ethiopian rift-valley lakes, and the highest value was from a crater lake (Mechaferra) in the Ethiopian rift valley. For high and low salinity lakes, conductivity was a highly significant predictor of both total cations (K25 < 1000 ~S cm-I: r 2--0.81; Kas> 1000 ~S cm-~: r2= 0.94) and salinity (K25< 1000 ~tS cm-l: r2= 0.82; K25> 1000 ~S cm 1: r2__ 0.93; Tables 2 and 3 ). Analysis of covariance detected no significant difference in the slopes or intercepts of the two relationships (Table 2) ; therefore, we also combined low and high salinity data sets to derive "joint" predictive models. In these "joint" models (low and high salinity lakes combined), conductivity was a highly significant predictor of both total cations (r2= 0.958, P < 0.001) and
Limnologica (2002) .~-- salinity (r ~ = 0.947, P < 0.001; Table 3 , Figs. 1 and 2) . A polynomial regression on the joint data set produced only a slightly better fit for both relationships (total cations: r2--0.960, P < 0.001; salinity: r2--0.954, P < 0.001; Table 3 ). This provides further support for similar bilogarithimic relationships (total cations vs. conductivity and salinity vs. conductivity) between low and high salinity lakes. Since, the model improvement provided by a non-linear function was very small (0.2% for conductivity and 0.7% for salinity), we used the joint linear Table 5 . Difference (%) between predicted and observed values of total cations (meq L ~) and salinity (g L ~) calculated according to regression equations (independent variable is conductivity in pS cm -~, K2s) from this study [joint (linear); freshwater; saline] and other conversion functions from the literature. The observed values of conductivity, total cations, and salinity were those of Ethiopian water bodies from -29.4 -126.5 -18.6 -73.6 -51.0 -47.5 -52.3 -104.5 -51.4 -76.4 models, rather than curvilinear models, in our comparisons to previous literature equations. To compare our predictive models to previous literature equations (TALLING & TALLING 1965; WOOD & TALLING 1988; APHA et al. 1995) , we first looked at the predicted (from conductivity measures) and observed values for total cations measured over seasonal cycles in four Ethiopian Rift Valley lakes from data reported in the literature. Two of these lakes (Zwai and Awassa) were of low salinity, and the other two lakes (Langano and Abijata) were of higher salinity. For the two freshwater lakes, the best predictive model was the equation for freshwater lakes derived for our set of Ethiopian water bodies. For Lake Langano (a moderately saline lake) the best predictive equation was the APHA model (-2.2%), which was slightly better than our equation derived from freshwater lakes (-2.5%). However, for Lake Abijata (the lake of highest salinity), the best predictive model was the equation derived from our set of Ethiopian water bodies of higher salinity (Table 4) .
To broaden our comparison to earlier models, we compared observed values for total cations and salinity to predicted values (from conductivity measures) for a series of Ethiopian water bodies reported in WOOD & TALLIN6 (1988) . For total cations, the APHA model produced very good estimates for all lakes and rivers (combined), for fresh water bodies, and for saline water bodies (-4.9%, -5.8%, and -4.3%, respectively; Table 5 ). There was one anomalous exception in this analysis; our equation for saline lakes produced the best estimate for the freshwater lakes (5.0%; Table 5 ). However, it should also be noted that all equations produced good estimates (<10.2%) for the fresh water bodies. Differences between observed and expected results were higher for all equations for the saline waters with the exception of the APHA model. For salinity, our models produced better estimates (compared to the model of WOOD & TALLING 1988) , for all lakes and rivers (joint model = -4.1%), fresh water bodies (freshwater model = 0.3%), and saline water bodies (joint model -1.9%, saline model ---6.9%; Table 5 ). Comparison to the APHA equation for salinity was not possible because a range of values is provided in the model. In summary, it is clear from this study and earlier works, that conductivity is generally a very good predictor of both total cations and salinity in Ethiopian water bodies. Comparison among models suggests that developing separate equations for low and high salinity water bodies has some merit even though we found no statistical differences in the slopes and intercepts of the relationships between the two groups. The simple APHA model seems to be a good predictor of total cations, particularly in moderately saline lakes. For salinity, the models developed in this study produced very good estimates on independently derived data, when high and low salinity lakes were treated separately. We, therefore, believe that the equations developed in this study can be used for Ethiopian waters and other African waters within the range of conductivity in this study.
